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ABSTRACT

Cryogenic distillation ex@ments were performed at TSTA with H-D-T system by using a single column and iI
two-column cascade. In the single column experiment, fundamental engineering data such as the liquid holdup
unctthe HETP were measured under a variety of opemtional conditions. The liquid holdup in the packed section
was about 10- 15% of its supertlcial volume. The HETP values were from 4 to 6 cm, and increased slightly
with ti Ie vapor velocity. The reflux ratio had no effect on the HETP. For the two-column experiment, dynumic
behuvior of the cascade was cbserved,



1. 1NTRODL!CTION

Separatlun () f hydro~en isotopes by cryogenic distillation

is a

blanke

establ

distil

promising method for the mainstream fuel reprocessing and

tritium processing systems uf fusion reactors. To

sh and verify desi~n and operation methods for cryogenic

at ion columns, both computer-aided simulation and

experimental studies QI”C nccdcd. A number of simulations (1)(2)

have been Iepurtcd for the cryogenic distillation columns.

Although those I“eports produced a great deal of valuable

informatil~n, the rxprf’imcntal data for the cryogenic distillation

co!umns prevluusly published is still limited.

For the packed culumns which are used for t:le cryogenic

distlllatiun, the HETP (Height Equivalent To LI Theoretical

Piatc), the liquid huldup and the pressure drop arc significant

piiramctcrs in column performance. Factors which ale expected to

hclvc influcncc [In these parameters :11’C as rollLlw3 : vapor

velocities within the culurnn, reflux ratios, packing matcrlals

and I)t)ysl!:()(:t)cm](:al properties ( density, visc!ocity and surftic

tension ) of fiulds, SCVPI’UI workc:’s have rcpurlcd cngineerln

data :,)1” the (:ryogcnic riistillutlon column (3)(4)(9)
o klowevcr, n

dctui led discusslurl conccrrrinti the effect uf the ubovc-mrntljnv

factors wiIs I!lvrn In their f“cpurts, addltlonally, thc~-c arc SUI

di ffcrcncns urnunfl thr IPSIIIIS obtained and thu Cause rJf thl

dis(:f”cpan(:y t~o~ not been I“r!s(Ilvcd yet, It is UIH(J (’sscn+.tul thi!

st~piil’atllln (!hul’lJ(!tcl’l!4t 1,!s ,1 f cuscudrs (:omposrt! (1r $levt?t”:.1

r{]lumns :.11.P rxpotimental ly cxumlncd, 1“01’ these l“r!us(JnY, furttl’

t“xp~t Imuntul :;tlldirs ul’r dcMt Iuhlr,

I



‘[’h C mi)s t significant purpose of the present study is to

obtain fundamental cnglnccrin.q data for the cryogenic

distillation column ~nd to discuss the factol’s uffec tin A the

column pe:.furrnance. F(I 1“ this purpuse, the HfiTP, the liquid

holdup ana the PI”CSSUI’C drop were measured with the II-D-T system

as functions uf the vap[jI” veiocity, the reflux I“atio and the

physiochemical properties uf fluids by using J column in the

TSTA isotope
(5)separation system. As the first stage of e

research pr’ll;ram deal ing with cascade operations, dynamic

behavior (): :Wtl interlined c!oiumns was 91s0 observed under

varying t)pcl !nal conditions in the present study, The column

::ascadc seie(-’ : simulates a basic configuration of thgt propoged

by the ~UtitLJIS(G) for the bianket tritium processing sy9tem8.

The infurmatiun obtained from this study improves and confirms

the abiiity to predict separation characteristics of actuai-scale

columns and cascades.

f)
-* I(!(I’I;!{IYI{N’I’A1,

2.1 SlnKlr column cxpcrirncnt



system was used in the present experiment. The .specifications of

the lead column are presented in Tab!c 1. The refrigeration is

supplied by heli:: gas, whose temperature can be Iutiered by a

refrigerator to ~uuut 15+0 K, at the condenser and the packed

~ection. The dlstil,ation column is enclosed within a thermal

radiatiun shield cooled by liquid nitrogen in a vacuum jacket.

‘rhc cxperimcntai procedure is summarized ‘,s follows. The

vacuum jacket and the dlstillatiun column were initially

evacuated, and uperatiun of the helium refrigerator was started.

Hydrogen isotupc gases were charged into the column from

(!Y1 inders ttll”ol:j:h an equilibrator for the H-D cxpcrimcnt. In the

D-”~ ~xpe]irnent, uranium beds were used to supply the gases. The

condensation of hydroxen isotopes occurred in the condenser and

the packed sectiun, and thr liquid hydrogen thus produced fell to

the reboiler. After the liquid level in the rcboilcr reached a

specl fied value, the distillation was Initiated. For the

experiment with the ~--r system, the hydrogen isutop: mixture

charged intu the cclumn was recycled through the equilibrator to

mukc its composltiun the equilibrium state at room temperature

hefurt? the distillation. Composition dlstributiuns within the

column Wcl’? mvusurcd by gas chromatography after the column



also presented in Table I. The general construction of the

second column is ttle same as that of the lead column. The

experiment was performed in a simili.tr manner to that of the

single column. Aiter the gases were charged into tile cascade,

the columns were individually operated in the total reflux mode

until steady state was achieved. The cascade was then put into

total recycle operation. Dynami c variation of operating

parameters such as the pressures and the liquid holdups were

measured while varying the rcflux ratio of each column.



3. Calculation of composition distribution within the column

The assumptions used in the present calculation are

follows :

(1) The column is composed uf N theoretical stages.

(2) The column operates adiabatically, and the molar heats

vaporization of al 1 components arc the same.

(3) Hydrogen isotope mixture obeys Raoult’s Law.

At the

expressed by

0=1.
N-lxi, N-

steady state, the component material balances

+ FN;.i ~ - (VN + Ww)y. - LNX ,N
m. I,N

o =V. - (Lj
J+lyi, j+l

+ Uj)x ‘L
i,j j-lxi, j-l -

(v
J ‘Wj)yi, j + ‘Jzi,j ‘

o = ‘7Yl,~ + ‘Izi 1 - ‘L1 + ‘l)xi,l - ‘lyi 1. 8 t

where
‘J =

flow rate of feed stream supplied

(mol/h)

- (1)

- (2)

- (3)

to j-th star !

I.j = flow rate of liquid stream leaving l-th stage (mol/h)

N = number ‘Jf total theoretical stages (-)

‘J =
flow rate of liquid sidestream from j-th stage

(mol/h)

v = flow fqatc of vapor stream leaving J-th stage ~mol/h)
J

Wj ❑ [low rate of vapor sidestt’cum from j-th stugc (mol/h)

x. = 1. .1{! frtictlon of i-th component in the liquid
l,,]

strcum lcavln~ J-th stake (-~

Lo.i = IIIIJIV fl~l(:tl[)fl (If I-!h vompuncnt In Vap[)l” ~trcam

‘1



leaving the j-th stage (-)

z. = mole fraction of i-th component in {eed
I,j s :ream

supplied to j-th stage (-).

The vapor liquid equilibrium are expressed by

Y. = Fi(Tj)x i,j/Pj .
l,j - (5:

where P. = total pressure on j-th stage (Torr)
J

Pi = vapor pressure of i-th component (Torr)

Tj = temperature on j-th stage (K).

If the f’[~mposition of either the top or bottom stream is given,

Equatio~ , 1) through (3) can be solved by using the vapor-1 .quid

relatiuns expressed by Eq. (5).

The overall HETP value is determined from the packed h, Ight

of the column and the number of total theoretical stages .i~ich

gives the best fit to experimental observations. The simple

model used is sufficient to determine the o!’erall HETP v..lue.

Variation of the HETP with the column height can alsti be

discussed by comparing experimental observations with

calculational results for the composition distributi~n withiri the

column.

4. RESULTS AND DISCUSSION

‘1.1 Pressure drop across column

A slnnlf i cant result observed is that the distillation was

Succcssllll Iy per’furmcd without column floodinx” as long as the

f)



vapor veloci ty !ess than 13 cm/sec. The relation between the

pressure drops al,: ~hc vapor velocity is shown in Fig. 4. For
7

the total rc: . .1x experiment Gf the H-D system alone, the pressure

drop is small and the loading might occur when the

vapor veloclty exceeds 12 cm/sec. For the other three

experimental conditions, the measured values are proportional to

the vapur velocity to the power 1.3-1.5. Although a firm

conclusion on this difference has not been drawn let, i t may be

ascribed to the !Iysterisis on the pressure drop. The total

reflux experiment was performed by increasing the ilow rates of

each phase, and the column was then put into the total recycle

operation. The increase of the ve.par and liquid flow rates would

affect wetting characteristics of the packing materials, and can

possibly vary the fluidity within the column (i.e. variations in

the amoun t of liquid held by the packing materials and in the

dispersion mechanism of the liquid falling from the con~enser. ).

For the D-T experiment, the packing materials may be adequately

wetted owing to the recycle operation performed before the

disti. latiun. d
t’-

4.2 Liquid holdup within packed see+.lon

The liquid holdup within the packed section can be evaluated

by subtracting the measured value for the reboilcr and calculated

vapor holdups of the column from the total amount of gas charged.

Figure :J stlows the liquid huldups thus obtained under a variety

(J f Vapol. velocity conditions, T- Thc ubtuined values, which are

about l@45 mol , correspond to 10U15% uf the superficial vo 1ume

7
.



of the packed section. The values for the H-D system under the total

reflux experiment are slightly smaller in comparison with

those of the D-T SyS” . This difference appears fo be due to

the hysteresis discussud in the preceding section. For the other

experimental conditions, no apparent difference is observed

between the H-D system and the D-T system. As another

significant result observed from Fig. 3, the liquid holdups for

al 1 the experimental conditions increase with the vapor velocity. T
—:

For the above reasons, it can be concluded that the liquid holdup

is a function of the vapor velocity.

4.3 Effects of vapor velocity and reflux ratio on HETP

Figure 5 shows the effect of the vapor velocity on the

overall HETP values. For the total reflux mode, the values are

about 4 5 cm, and those of the total recycle mode are from 5 to 6

cm. Sherman et al.
(3)

reported that the overall HETP values were

approximately 5*0.5 cm for the cryogenic distillation column

whose inner diameter (0.95 cm) and packed height (45.7 cm) are

considerably smaller. The overall HETI’ values measured in the

present study for the actual size culumn are almost equal to that

obtained by Sherman et al. For the total recycle mode, the

separation performance is slightly deteriorated. Disturbance of

the phase flow within the column caused by the recycle operation

may result in the decrease of the vapor/liquid interracial area.

Comparing experimental results for the H-D system with those of

ttle D--r systcm, we conclude that the Dhysicuchcmical properties

of fluids }lavc no effect un the overall HETP value. Fur the

8



total reflux experime~t with the H-D system, the hysteresis was ‘

observed on the liqu. “:oldup and the pressure drop-. However, on
1

the overall HETP, no ILysterisis is observed. J
Another significant result observed from Fig. 5 is that the

overall \!ETP values for all conditions increese slightly with the

vapor V~luCity. The overall HETP value can be expressed by (7)

[

z

overall HETP = z/(N-2), (Y
i,l -Y.)=l,N (ni/’lj)dz , - (6)

o

where ni = mass transfvr rate for component i (molm2/m3hr)

z= packed height of column (m).

The mass transfer rate ni can be regarded as a “function oi the

vapor velocity and the column height. If ni increases

proportionally to the vapor velocity, the overall HETP value

should have no dependence en the vapor velocity. The present

experimental results show that the mass transfer rate for the

hydrogen isotope distillation system is proportional to less than

the first power of the vapor velocity. Wilkes ‘4) obtained the

smal Ier overal I HETP values (2%3 cm) for the cryogenic

distillation column in the vapor veloclty range from 1 to 6

cm/sec. The difference in the vapor velocity may possibly be one

of the reasons for the difference of the HETP values.

Figure (i shows the effect of the reflux ratio on the overall

HETP value when the vapor velocity and the flow rate of bottom

stream arc almost constant. The reflux ratio is varied from 8 to

35 ; the top stream (*2x1o
-3

mol/see) is very small in comparison

with the vapor flow rate (vO.028 m~l/see). In addition, the



increment of the !iquid flow rate is only 10 % of the inilial

value. The overall HETP values therefore would no! be affc~ Led

by the refl~.. ratio, as shown in Flg.6. The reflux ratio and the

vapor velocity arc suitable manipulated parameters of the

distillation cclumn to control purities of top and bultom

products
(8)

at desirable values. The model used in the pr(.,, :nt

study has the disadvantage that it is difficult to consider the

variation of the number of total theoretical stages k,th

operating conditions when dynamic behavior of the columns under

control mode (2)is simulated. However, the constancy of :he

ovcral 1 H13TP against the reflux ratio and its sllght dependf ‘Icy

on the vapor velocity indicate that the simulation results by the

s tage model can be extended to actual column behavior even for

the control uperation.

As previously mentiuned, the overal 1 HETP Vi31UC <aa

determined without regard to the composition distribution hll,~ln

the column. Figure 7 shows the composltlon distribution Ltl the

steady state for a representative run. The calculated lines Ire

also drawn In the figure under the assumption that HETP 1s

constant with column he!ght. Table [1 shows the experimental und

calculational conditions of the run, The composi lion

dlstt”ibutiun calculated Is in rough agreement. with experimental

obscrvutiun. The lli{TP dt?pends llttle un the column hclr,!]t.

The ubove cunclu’jlon is Important for column dcslgn : Posi tll)ns

() f ft,ed and side-cut streams of UCIUU1 columns can be h,!ll

cstimatcc! by tile stage model.

1(J



4.4 Dynamic behavlul ui’ column cascade

This section will be added to the present manuscript after

experimental results of the two-column are obtained.

Figure : 1 01’ 2

Text : about 1P

5. CONCLUSION

(1)

(2)

(3)

(4)

In the range of the vapor velocity to 13 cm/see, there w&$no

evidence that the flooding occured. The hysteresis oh~~-ved slf

on the pressure drop across the column appearsto be mainly

related tF,e variation of the fluidity within ”the column. 3

The liquid holdup in the packed section Wis approximately

10 :5 z of lts superf:clal volume, and increased with vapor

velocity.

The measured overall HETP va!ues were about 4 5 cm for the

total reflux mode, and were from 5 to 6 cm for the total

I’ccyclc mode. The overull HETP lncrcused slIghtly with

vapor veloci+YO and showed no dependence on the reflux

ratio or the physiochemical propcrtlea of the fluid. The

HETP was rclatlve~ ‘ constant within the column.

‘rhc s tagc model is WCII suitnd for the simulation of

actual column behuvlor und. perfoltmancc.
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Table I Specifications of distillation columns

------ ------ ------ ------ ------ ------ -----, . ------ -----

lead column second column
------ ------ ------ ------ ------ ----,. - ------ ------ -----

Inner diameter (cm) 2,84 2.50
------ ------ ------ ------ ------ -----. ------ -.---- -----

Packed height (cm) 412 320
----.- ------ ------ ------ ------ ------ ------ ------ -----

Volume of condenser (cma) 2000 2000
------ ------ ------ ------ -.--=- ------ ------ ------ -----

Volume of packed section (cmJ) 2600 1600
-.---- ----.- ------ ------ --~-.- ------ ------ ------ -----

Packing mater la! Hel i-Pak (SUS-31G)
4. 4x4.4x2.3 mm

------ ------ ------ ------ ------ ------ ------ ------ -----

I



.

.’

Table II IZxpcrirnental and calculate onal conditions

------ ------ ------ ------ ------ --, ---- ------ ---,

Opcratiun mode total recycle
- - - - - - -- - - - - -- -- - - -- - - - - - - - -- -- -- - - -- - -- - ----

,

●
II



=,.- ~- ~ Conceptual flow diagr~m

far Single column experiment

Lead column

r

1 Seccvlc

Columr

Fig.2 Configuration of cascade

.

.
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Fiq. 3 Variation of liquid holdup in packed section with vapor velocity .
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I I 1 1 I
I

I I I 1 I 1 I I 1

A Total reflux (H-D)

O Total recycle (H-D)

A Total reflux (D-T)

● To-al recyc~e (D-T)

A
A

o
A

● go
A

A

t.~or velocity ( cm/sec )

Fig. 5 Effect of “<apor velocity on overall !3ETP value

.



●

0 H-D system

● D-T system

‘Japor \’elocity is 9 cm/sec.

Flux ra~e of bottom stream is ?.7<;2 --3

mol~sec.

o 10 20 30 40 50 60

Reflux ratio (-)

Fis. 6 Effect of reflux ratio on overall HE-T? value

.

.
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